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ABSTRACT 

The Saccharomyces cerevisiae 2 micron plasmid 
exemplifies a benign but selfish genome, whose sta- 
bility approaches that of the chromosomes of its 
host. The plasmid partitioning locus STB (stability 
locus) displays certain functional analogies with 
centromeres along with critical distinctions, a signifi- 
cant one being the absence of the kinetochore com- 
plex at STB. The remodels the structure of chromatin 
(RSC) chromatin remodeling complex, the nuclear 
motor Kip1, the histone H3 variant Cse4 and the 
cohesin complex associate with both loci. These 
factors appear to contribute to plasmid segregation 
either directly or indirectly through their roles in 
chromosome segregation. Assembly and disassem- 
bly of the plasmid-coded partitioning proteins 
Rep1 and Rep2 and host factors at STB follow a 
temporal hierarchy during the cell cycle. Assembly 
is initiated by STB association of [Rsc8-Rsc58], 
followed by [Rep1-Rep2-Kip1] and [Cse4-Rsc2- 
Sth1] recruitment, and culminates in cohesin 
assembly. Disassembly starts with dissociation of 
RSC components, is followed by cohesin disassem- 
bly and Cse4 exit during anaphase and late telo- 
phase, respectively. [Rep1-Rep2-Kip1] persists 
through G1 of the ensuing cell cycle. The de novo 
assembly of the 'partitioning complex' is cued by 
the innate cell cycle clock and is dependent on 
DNA replication. Shared functional attributes of STB 
and centromere (CEN) are consistent with a potential 
evolutionary link between them. 

INTRODUCTION 

The high copy selfish plasmid 2 micron circle of 
Saccharomyces cerevisiae propagates itself stably with 



the help of a partitioning system and an amplification 
system (1,2). The partitioning system is composed of the 
plasmid-coded proteins Repl and Rep2 and a c/s-acting 
locus STB (stability locus). Despite its apparent simplicity 
of organization, the partitioning system is able to confer 
nearly chromosome-like stability on the plasmid (a loss 
rate of 10" 4 to 10" 5 per cell division). The Rep proteins 
appear to orchestrate the channeling of chromosome seg- 
regation factors to STB, presumably as a means to 
coupling plasmid segregation and chromosome segrega- 
tion (3-10). Although current evidence is consistent with 
plasmids hitchhiking on chromosomes, alternative 
chromosome independent mechanisms of plasmid segrega- 
tion cannot be ruled out. 

The Flp site-specific recombination system harbored by 
the plasmid rectifies copy number decrease resulting from 
rare missegregation events by a DNA amplification mech- 
anism (11,12). Amplification is thought to be triggered 
by a carefully timed recombination event that converts 
bidirectional replication into unidirectional rolling circle 
replication. The tandem plasmid copies comprising 
the amplified DNA may be resolved into individual mono- 
mers by Flp-mediated recombination or by the host's 
homologous recombination machinery. Transcriptional 
regulatory mechanisms mediated by Repl, Rep2 and an 
additional plasmid-coded protein Rafl provide for a 
prompt amplification response when required without 
the danger of a runaway increase in plasmid copy 
number (13-15). 

Host contributions towards equal segregation of the 2 
micron plasmid include the Rsc2 subunit of the remodels 
the structure of chromatin (RSC) chromatin remodeling 
complex, the mitotic spindle, the spindle-associated motor 
protein Kipl, the histone H3 variant Cse4 and the yeast 
cohesin complex (3-8,10,16,17). These host factors play 
important functional roles at centromeres as well. The 
RSC complex appears to regulate chromatin organization 
at centromere (CEN) and CETV-proximal regions to 
promote normal chromosome segregation (18-20). Kipl 
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contributes to the typical bi-lobed organization of centro- 
mere clusters during metaphase, presumably by bundling 
kinetochore microtubules (21). Together with the other 
kinesin motors (Cin8, Kip3 and Kar3), Kipl promotes 
the assembly and dynamics of the mitotic spindle (22). 
Cse4 is the hallmark of a specialized nucleosome 
assembled at each point centromere (23-25) and is essen- 
tial for kinetochore assembly. Recent estimates suggest 
that additional Cse4-containing nucleosomes may 
occupy regions neighboring the centromere (26,27). 
Although the mitotic spindle directly facilitates sister 
chromatid segregation, the role of the spindle in STB 
plasmid segregation is likely indirect. The spindle, 
together with the Kipl motor, may help transport the 
plasmid to its specific nuclear address (3). Segregation of 
single copy STB plasmid reporters suggest that the binary 
counting mechanism by which cohesin ensures equal 
chromosome segregation likely operates on S77?-mediated 
plasmid segregation as well (4,5). 

Distinctions between CEN and STB in their DNA or- 
ganizations and functions are also significant. The ~125- 
bp CEN comprises three characteristic DNA elements — 
centromere DNA element (CDE) I, CDE II and CDE III 
(28,29). STB, which is much larger, can be divided into 
two sub-regions, proximal and distal with respect to the 
plasmid replication origin (30). 5T£-proximal, composed 
of five tandem copies of a 60-bp consensus element, is 
where Cse4 interaction occurs (16). Interestingly, two 
directly repeated regions with 97% identity between 
them, each 124-bp long and thus equal in size to CEN, 
are contained within 5T5-proximal. The Rep proteins 
have no role to play in C£W-mediated segregation, 
and kinetochore proteins are apparently unassociated 
with STB. Furthermore, only a small fraction of the 
plasmid molecules appears to be associated with Cse4 
or cohesin (5,16). Yet, CEN and STB serve as the 
platforms for assembling high-order DNA-protein 
complexes dedicated towards the equal segregation 
of chromosomes and of plasmids, respectively. The 
conserved traits between CEN and STB, contrasted by 
their present functional distinctions, may suggest their 
potential divergence from a common evolutionary 
ancestor (16,31). 

We have identified, using tandem affinity purification 
and mass spectrometry, the interaction of the Rep 
proteins with subunits of the RSC chromatin remodeling 
complex and subsequently verified the functional rele- 
vance of this interaction to plasmid segregation. 
Furthermore, we have delineated temporal hierarchies in 
the assembly and disassembly of the Rep proteins and 
host factors at STB during the cell cycle. The sequence 
of protein associations and dissociations at STB, con- 
joined with observations from previous studies, suggests 
a coordinated and regulated program for the plasmid par- 
titioning pathway. This program is initiated by innate cell 
cycle cues and is dependent on DNA replication. The par- 
titioning clock is reset at the Gl-S transition stage of each 
cell cycle, but it can be started without requiring any input 
from a previous partitioning cycle. 



MATERIALS AND METHODS 

Yeast strains 

The strains used in this study and their relevant genotypes 
are assembled in Supplementary Table SI (Supplementary 
Material). 

Tandem affinity purification-tagging REP1 or REP2 locus 
in the 2 micron circle genome 

Two strategies were used to engineer the 2 micron circle 
genome by fusing the tandem affinity purification (TAP) 
tag of Protein A and calmodulin-binding peptide at the 
N-terminus of Repl or Rep2. The first targeted the native 
plasmid; the second used a 2 micron circle derivative that 
also harbors the ADE2 marker (32), but no other extra- 
neous sequences. The latter plasmid, which we have 
designated as p2u-ADE2, is one of the most stable 
among 2 micron circle-based artificial plasmids. Under 
non-selective growth, its loss rate was found to be within 
an order of magnitude or two of that of the 2 micron 
plasmid (unpublished data). In the plasmid constructions 
described later in the text, the template for obtaining the 
TAP sequences was the plasmid pSB1761 described previ- 
ously (33), designed for tagging target proteins at their 
amino termini. 

Strategy 1 

The DNA cassettes containing the dual tag (33) for fusion 
to the N-terminus of Repl or Rep2 were amplified in two 
separate polymerase chain reaction (PCR) reactions. The 
'forward' and reverse primers used for amplification were 
designed to contain terminal 50-bp homologies to requis- 
ite regions of the 2 micron plasmid. The two linear DNA 
fragments were introduced individually into a [cir + ] recipi- 
ent yeast strain (containing endogenous 2 micron plasmid) 
in separate transformation steps. The homologous ends 
would promote double strand break repair using 2 
micron circles as the template. The end result would be 
the generation of modified 2 micron circle genomes 
carrying the TRP1 marker along with the tagged REP1 
locus in one case and the tagged REP2 locus in the other. 
The separation of the tagged plasmid from the untagged 
ones was accomplished in a second transformation step 
using a [cir°] recipient strain (lacking native 2 micron 
circle) and total DNA isolated from a first-step 
transformant. Colonies that harbored the desired Trp + 
plasmid alone (and not the native 2 micron circle) were 
identified by PCR-based screens using isolated total DNA 
and diagnostic primer sets. The authenticity of the plasmid 
constructs was ascertained by DNA sequencing. 

The tagged Repl or Rep2 was functional in plasmid 
partitioning. Under non-selective growth in glucose 
(Repl or Rep2 not induced), there was high instability 
of the TRP1 marker harbored by the plasmid, whereas 
growth in galactose (Repl or Rep2 induced) suppressed 
this instability (unpublished data). 

The tagged plasmids were further modified by excising 
the TRP1 marker and the GAL promoter via Cre- 
mediated site-specific recombination between two 
directly oriented LoxP target sites. In the resulting 
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plasmids, expression of the tagged REP1 or REP2 was 
under the control of the respective native promoter. 

TAP analyses were performed using strains that ex- 
pressed the tagged REP loci from their native promoters, 
or those that expressed these loci from the GAL promoter, 
after growing them in glucose and galactose, respectively. 

Strategy 2 

For construction of a Rep-tagged derivative of 
p2u-ADE2, two overlapping DNA fragments were first 
prepared by PCR amplification of total DNA isolated 
from the strains harboring p2u-ADE2 in one case and 2 
micron circle containing the amino-terminal TAP tag on 
REP1 or REP2 (see strategy 1 earlier in the text) in the 
other. One of the fragments so generated contained se- 
quences from p2u-ADE2 including the ADE2 marker. 
Its partner fragment contained the tagged REP1 or 
REP2 under control of the corresponding native 
promoter. A roughly equimolar mixture of the two frag- 
ments was used to transform an ade2 [cir°] strain to recon- 
stitute the TAP-tagged versions of p2u-ADE2 by 
homologous recombination/repair in vivo. DNA from a 
subset of the Ade + transformants was analysed by PCR 
and DNA sequencing to identify those that had correctly 
reconstructed the requisite plasmids, p2u-ADE2(TAP- 
REP1) and p2u-ADE2(TAP-.R.E'P2), harboring the engin- 
eered REP1 or REP2 locus, respectively. 

The stability of p2u-ADE2(TAP- J R.EP2) was compar- 
able with that of p2u-ADE2; that of p2u-ADE2(TAP- 
REP1) was 2-3-fold lower, but still considerably higher 
than that of most standard 2 micron circle-derived 
plasmids (unpublished data). For TAP analysis, strains 
were grown in media lacking adenine. 

Enrichment of Repl and Rep2 partners by TAP 

Extracts for affinity purification were prepared essentially 
according to published procedures (33). In a standard run, 
a 41 culture grown to an OD 60 o of ~1.0 was processed. 
Harvested cells were washed twice with sterile water, once 
with A10 buffer (10 mM HEPES, pH 8.0; 10 mM KC1; 
300 mM NaCl; 1.5 mM MgCl 2 ; 0.2 mM ethylenediamine- 
tetraacetic acid; 10% v/v glycerol) plus protease inhibitors 
(complete mini ethylenediaminetetraacetic acid-free 
protease inhibitor mix from Roche) and resuspended in 
equal w/v of A10 buffer. The cell suspension was 
quickly frozen by dropping it into liquid nitrogen using 
a pipette to form frozen cell 'popcorns'. They were either 
stored at — 80°C for future use, or immediately carried 
through the TAP protocol (33). Cells within the frozen 
popcorns were disrupted by hand grinding (~ 100 
strokes) using a mortar and pestle. Disruption was per- 
formed in a cold room with the mortar placed on ice. 
Cleared lysates obtained by centrifugation of cell 
extracts at 100 000 x g for lh were subjected to the fol- 
lowing steps: chromatography on IgG beads, tobacco etch 
virus protease digestion and chromatography of eluted 
proteins on calmodulin beads. 

The TAP enrichment data provided in Figure 1 
comprised expression of the Repl and Rep2 baits from 
the native promoters as well as the GAL promoter. 



Mass spectrometry analysis of proteins 

Eluant fractions from the ethylene glycol tetraceticacid- 
elution buffer washing of the calmodulin beads (see 
earlier in the text) were concentrated by trichloroacetic 
acid precipitation, processed further for tryptic digestion, 
and the digest was subjected to mass spectrometry analysis 
(34) using mutli-dimensional protein identification tech- 
nology. The spectra, refined using the PARC filter (35), 
was searched against S. cerevisiae proteins from 
Saccharomyces Genome Database using the 
SEQUESTTM algorithm (36-38). Further analytical re- 
finements, including imposition of the trypsin specificity 
constraint, were performed as described previously 
(34,39). Data collected from individual runs are deposited 
at http: //depts. washington.edu/yeastrc/. 

Plasmid stability assays 

The stability assays were carried out in rsc8 and rsc58 T s 
strains. The STB reporter plasmid was p2u-ADE2, on 
which the TAP-tagging (strategy 2) was based (see 
earlier in the text). The autonomously replicating 
sequence (ARS) reporter plasmid (p2u-ADE2-ARS) was 
derived from p2u-ADE2 by deleting STi?-proximal 
(bordered by Hpal and Aval) from it. The CEN 
reporter plasmid (p2u-ADE2-CEN) was obtained by 
replacing 5T£-proximal in p2u-ADE2 by the centromere 
sequence derived from chromosome VI (CEN6). As 
described for the plasmids containing the affinity-tagged 
REP genes, these plasmids were also constructed from two 
PCR-amplified DNA fragments, one of which contained 
the requisite modification at the STB locus, by 
recombining them in vivo. Except for the deletion of 
ST£-proximal or its replacement with CEN6, all three 
reporter plasmids were identical in organization and 
sequence. Their replication was promoted by the 2 
micron circle replication origin. 

For a quantitative estimate of plasmid loss rates, the 
following protocol was used. From an overnight culture 
of an Ade plus transformant containing a reporter 
plasmid grown under selection at 26°C, ~7 x 10 cells 
were inoculated into 10 ml of the non-selective medium 
(generation = 0) and grown for eight generations at 
26°C or 35°C. Cells were seeded on non-selective 
medium (supplemented with adenine; ~200 cells per 
plate), incubated for 72 h at 26°C and transferred to 4°C 
for 40 h. The fraction of fully red colonies, those that arose 
from progenitor cells that had suffered plasmid loss, at 
generations 0 and 8 was estimated on each plate. The 
numbers were verified by replicating the master plates 
on medium lacking adenine. The loss rate per generation 
(or the instability index) was estimated as I = (1/n) x [In 
(f 0 /f n )], where f 0 and f n denote the fractions of plasmid 
bearing cells at generation 4 0' and after 'n' generations 
of non-selective growth (30). 

Chromatin immunoprecipitation analysis 

Chromatin immunoprecipitation (ChIP) assays were per- 
formed as described previously (6). Anti-HA and 
Anti-Myc antibodies purchased from Covance 
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Figure 1. Interacting partners of the 2 micron circle partitioning proteins Repl and Rep2. The two types of constructs used for TAP tagging, with 
the tagged REP locus under control of the GAL promoter (A) or the native promoter (B), are schematically diagrammed. Identification of tryptic 
peptides by mass spectrometry was performed on the unfractionated ensemble of proteins enriched by a two-step affinity purification of tagged Repl 
or Rep2 (see Materials and Methods). The list, except for Repl, Rep2 and Rafl, comprises a subset of interacting partners that are constituents of, 
or are associated with, chromatin remodeling complexes. Sequence count refers to the number of distinct peptides, spectral count to the number of 
total peptides and sequence coverage to the percentage of amino acids of the full-length protein represented by the sequenced peptides. Those cases 
where more than one value is shown for each of these parameters refer to separate experiments. This analysis used strains MJY4013 to MJY4025 
listed in Supplementary Table SI. 



(Princeton, NJ) were used after 1:100 dilution of the stock 
titer. For cell cycle CMP, cells grown to OD 60 o = ~0.4 
were arrested in Gl using a factor (lOug/ml), washed 
four times with sterile water, released into fresh medium 
and incubated in a shaking water bath maintained at 
26°C. In all, 40 OD 60 o units of cells were harvested for 
performing ChIP at each time point. Initial standardiza- 
tions were done to keep the amount of immunopre- 
cipitated DNA used as the template in PCR reactions to 
be within the linear range of amplification. For the ChIP 
assays, the native 2 micron circle served as the reporter 
plasmid. 



Strains for bromo-deoxyuridine (BrdU)-directed ChIP 
were engineered to harbor three copies of the herpes 
simplex virus thymidine kinase gene, each expressed 
from the GPD1 promoter (40). In addition, they contained 
the human equilibrative nucleoside transporter 1 gene 
expressed from the ADH1 promoter. In this ChIP 
analysis, the amounts of immunoprecipitated DNA used 
as templates for PCR amplification corresponded to the 
same number of cells for the individual samples compared. 
Furthermore, a standardization assay was carried out to 
ensure that the aliquot of each sample used for PCR was 
within the linear range of amplification. 
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Cell cycle arrest in Gl in a Cdc6 depleted state 

The procedure used for arresting cells in Gl in a Cdc6 
depleted state was similar to that described by Severin 
et al. (41). The strain harboring the CDC6 gene under 
the control of the GAL promoter was grown in galactose 
at 30°C to an OD 600 of ~0.4, and hydroxyurea was added 
in powder form, with shaking, to a final concentration of 
0.2 M. Cells were incubated for 3.5 h at 30°C, when the 
OD 60 o reached 0.8-1.0. Cells were harvested, washed four 
times with sterile water, resuspended in glucose medium in 
presence of a factor (10(ig/ml), and incubated at 30°C to 
arrest them in Gl. 

Other miscellaneous procedures 

Cell cycle arrest in Gl (except under Cdc6 depletion) using 
a factor and in G2/M using nocodazole were performed 
according to previously published protocols (9). Bacterial 
and yeast transformations, yeast genomic DNA and 
plasmid DNA preparations, curing yeast strains of en- 
dogenous 2 micron circle, fluorescence-activated cell 
sorting analysis and culturing of yeast and bacterial 
strains were carried out according to the standard proced- 
ures used by the Jayaram laboratory (http://www.sbs. 
utexas.edu/j ay aram/j ay aramlab . htm) . 

RESULTS 

TAP reveals components of the RSC chromatin 
remodeling complex as interaction partners of Repl 
and Rep2 

In a search for host factors potentially involved in 2 
micron plasmid segregation, we carried out enrichment 
of protein complexes using Repl and Rep2 baits fused 
to Protein A and calmodulin-binding peptide as tandem 
affinity tags (Figure 1; Materials and Methods). The 
putative protein partners identified by mass spectrometry, 
following a two-step enrichment of Repl or Rep2 ex- 
pressed from the GAL promoter, included components 
of the RSC chromatin remodeling complex (Figure 1). 
Also detected, under conditions of native or galactose 
induced expression of the bait, were Rvbl and Rvb2, 
AAA(+) DNA helicases associated with transcriptional 
regulation and chromatin remodeling. Furthermore, 
Rvbl has been shown to interact with Rsc2 (42). None 
of the RSC components were identified in a mock run 
using untagged Repl or Rep2 as the bait. In one of the 
control runs, peptide signals for Rep2 were detected. 
However, the peptide and spectral counts of 2 each and 
the sequence coverage of 4.2% were much lower than 
those from experimental samples. Additionally, confi- 
dence in the observed associations was bolstered by the 
baiting of Rep2 and Rafl by the tagged Repl and of Repl 
by the tagged Rep2. Dihybrid and affinity pull-down 
assays have documented bipartite cross-interactions 
among Repl, Rep2 and Rafl (43^16) (also unpublished 
data). Even though Repl and Rep2 were overexpressed in 
the assays that revealed their associations with RSC 
complex subunits, these associations are functionally 
relevant, as demonstrated by the analyses described later 



in the text. The potential effects of Rvbl and/or Rvb2 on 2 
micron plasmid stability and/or copy number control 
remain to be investigated. 

The Repl- and Rep2-interacting proteins revealed in 
this study (Figure 1), together with the related observa- 
tions noted earlier in the text, argue in favor of the RSC2 
complex being an authentic constituent of the 2 micron 
plasmid partitioning complex. The presence of Rscl 
among the Repl -associated proteins (Figure 1) could po- 
tentially denote an incidental interaction mediated 
through a shared component (or components) of the 
RSC1 and RSC2 complexes. Alternatively, this may be 
an authentic interaction that is indirectly related to 
plasmid stability. In addition to their role in segregation, 
the Repl and Rep2 proteins also act cooperatively to 
regulate 2 micron circle gene expression (13-15). Thus, 
Rscl might potentially influence plasmid copy number 
control by affecting FLP gene transcription. There is con- 
siderable evidence for the association of the RSC complex 
with activated and repressed promoters and for its role in 
positive and negative regulation of gene expression (47). 
Assuming that Rscl does play a role in plasmid physi- 
ology, it is certainly subservient to Rsc2, as indicated by 
the apparently normal plasmid stability in the rscl A 
strain, at least over a limited number of generations (17). 

In our analyses presented later in the text addressing the 
role of host factors in 2 micron plasmid partitioning, Rsc2, 
Rsc8, Rsc58 and Sthl were chosen as representative 
subunits signifying the function of the RSC2 complex as 
a whole. 

Inactivation of RSC2 complex subunits Rsc8 or Rsc58 
causes missegregation of an S 7Y?-reporter plasmid 

To verify the possible role for chromatin remodeling by 
the RSC2 complex in 2 micron circle segregation sug- 
gested by mutational and interaction analyses (17,48) 
(Figure 1), and to examine potential distinctions between 
STB and CEN with respect to RSC function, we followed 
the segregation of STB and CEN reporter plasmids in rsc8 
and rsc58 T s mutant strains at the permissive (26° C) and 
semi-permissive (35°C) temperatures. 

The STB reporter plasmid used, p2u-ADE2 (see 
'Materials and Methods 1 section), contained the ADE2 
marker, inserted at the Hpal site in the 2 micron circle 
genome, as the only locus non-native to the plasmid. 
The CEN reporter plasmid differed from the STB 
reporter in lacking Srfi-proximal containing the repeat 
elements but harboring CEN6 in its place. The loss rate 
per generation was increased for both the CEN and STB 
reporter plasmids in the rsc8 and rsc58 mutant back- 
grounds at 35°C (semi-permissive) compared with 26°C 
(Figure 2). The ARS reporter plasmid, in which STB- 
proximal was deleted, was highly unstable at both tem- 
peratures (data not shown). The stability of the CEN 
reporter plasmid was lower than that of the STB 
plasmid even at the permissive temperature. This may be 
owing to the contextual effects from replacing STB- 
proximal by CEN6. The relative increases in the loss 
rates owing to the rsc mutations were comparable 
between the CEN and STB reporter plasmids. 
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Figure 2. Effects of the rsc8 and rsc58 mutations on plasmid stability. The genetic organizations of the reporter plasmids used in stability assays are 
schematically diagrammed. Plasmid p2u-ADE2 contains the ADE2 gene inserted at the Hpal site of the native 2 micron circle. In p2u-ADE2-CEN, 
the Hpal-Aval region, comprising the repeat elements of STB, is replaced by CEN6. These reporter plasmids are capable of undergoing Flp-mediated 
recombination at the FRT sites. Plasmid loss rates were estimated by counting the fraction of cells harboring the reporter plasmid at time zero and 
following eight generations of growth under non-selection (30). The time zero values were provided by overnight cultures of purified transformants 
grown in liquid media under selection at 26°C. The mutant strains used in these assays were MJY5056 to MJY3024 (Supplementary Table SI). 
The control wild-type strains were constructed by replacement of the mutant rsc8 and rsc58 genes by the corresponding wild type genes, RSC8 and 
RSC58, respectively. 



The replication of the reporter plasmids was driven by 
the 2 micron plasmid origin in its native location. We have 
verified that plasmid replication was not affected by the 
rsc mutations by assaying the copy number of the CEN 
reporter plasmid relative to a chromosomal locus in Gl 
and metaphase cells by real-time PCR (Supplementary 
Figure SI; Supplementary Material). The rsc mutations 
also showed no obvious effect on the performance of a 
chromosomal replication origin, as ascertained from the 
mean intensities of a fluorescence-tagged CEN plasmid 
harboring ARS1 (derived from chromosome IV) in Gl 
and metaphase cells (Supplementary Figure S2; 
Supplementary Material). 

Previous work demonstrated that the absence of Rsc2 
or conditional inactivation of the Sthl (ATPase) subunit 
of the RSC complex by a mutation in its bromodomain 
(LI 346 A) results in poor maintenance of the 2 micron 
plasmid (17,48). These findings, augmented by the now- 
revealed plasmid instability in the rsc8 and rsc58 mutant 
backgrounds (Figure 2) and the corroborating interactions 
of Repl and Rep2 (Figure 1), authenticate the functional 
contribution of the RSC2 complex towards plasmid 
partitioning. 

The plasmid loss rate reported for rsc2A (15-26% per 
cell per generation) (17) is considerably higher than that 
we have seen for rsc8 and rsc58 at 35°C. The difference 
may, in principle, be accounted for by the complete versus 
partial inactivation of the RSC2 complex. Alternatively, 
Rsc2 may play a specific role in 2 micron plasmid 



partitioning that is independent of its function as a com- 
ponent of the RSC2 complex. In our strain backgrounds, 
the magnitude of the rsc2A effect on 2 micron plasmid 
stability is smaller than the reported values (unpublished 
data). 

In principle, the STB chromatin structure promoted by 
the RSC2 complex could be important in regulating 2 
micron plasmid gene expression. A possible role for such 
a transcriptional control in plasmid stability has not yet 
been explored. As 2 micron plasmid segregation is tightly 
coupled to that of chromosomes, the potential effects of 
the rsc mutations on CEN cannot be dissociated from 
their direct effects on STB. Additionally, changes in the 
levels of host factors stemming from global transcriptional 
changes induced by these mutations could indirectly affect 
plasmid stability. 

Temporal sequence in the maturation of the plasmid 
partitioning complex 

The cell cycle dependent assembly of the plasmid parti- 
tioning complex is initiated at the Gl-S window. 
Components left over from the previous partitioning 
cycle, Repl, Rep2 and Kipl, are extruded from STB, pre- 
sumably as part of setting the new assembly program in 
motion (3,10). Initially, we attempted to discern the po- 
tential functional hierarchy in the association of partition- 
ing factors (Repl, Rep2, Kipl, RSC components, Cse4 
and the cohesin subunit Mcdl) at STB by ChIP when 
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Figure 3. Temporal sequence of events at STB during the assembly and disassembly of the plasmid partitioning complex. ChIP assays were 
performed in cells arrested in Gl (time zero), and at every 5 min time point after their release into the cell cycle. In each panel, the top row 
indicates the reference protein that was paired with each of the others in individual assays. (A) Repl was not epitope-tagged; Mcdl and Cse4 
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segregation. Rep2, placed in parentheses, was not analysed in the present assays. Based on previous analyses, it is expected to follow the Repl 
pattern. The strains for these assays were MJY3162 to MJY5042 (Supplementary Table SI). 



each was inactivated, one at a time, by deletion or by a 
temperature sensitive mutation (data not shown). In a 
number of previously published studies, these factors 
have been shown to interact specifically with STB, and 
not with other regions of the plasmid genome, in wild- 
type genetic backgrounds. The results shown in 
Supplementary Figure S3 (Supplementary Material) 
further verify the authenticity of these interactions. 
However, the ChIP results from individual mutant 
strains were too complex to order proteins into a simple 
assembly scheme in series. One interpretation of these 
results is that the analysed protein associations at STB 
are not functionally interrelated. However, more likely, 
the disruption of a particular interaction in the 
multi-protein assembly at STB may not only eliminate a 
relevant subsequent interaction but may also unmask out 
of sequence, and potentially non-productive, interactions. 
We then wished to query the temporal sequence of 
protein-STB interactions in cells going through a syn- 
chronous cell cycle. 

We performed short 5 min interval ChIP using cells 
released from Gl arrest to map the times of recruitment 
of a given protein at STB relative to the time of Repl 
recruitment. Previous analyses showed that Repl and 
Rep2 mirror each other in their associations with 



STB (10). The assays were performed in cells grown at 
26°C, rather than at the 30°C norm, to improve time reso- 
lution by slowing down the cell cycle and expanding the 
Gl-S window. As the partitioning proteins are all wild- 
type in this analysis, it is free of the potential indirect 
effects of mutations that could have vitiated our func- 
tional hierarchy assays. 

The data assembled in Figure 3A were obtained from 
pairwise ChIP assays, simultaneously targeting Repl and 
a particular test protein of interest within a given cell 
population. By including a common reference protein in 
all of the assays, any potential variability in the cell cycle 
timing from assay to assay could be corrected. The results 
are presented with 20 min after release from Gl as the 
normalized time point for de novo Repl STB association. 
For the data shown in Figure 3B, the reference protein 
was Rsc2. The timing of its association with STB was 
clocked at 25 min after release from Gl, as judged by 
the Repl reference frame (Figure 3 A). The temporal 
order of protein association at STB, within the resolution 
permitted by the ChIP assays, was as follows: Rsc8-Rsc58, 
followed by [Repl-Rep2-Kipl], [Cse4-Rsc2-Sthl] and 
finally Mcdl (or cohesin). This scheme is consistent with 
a previous study indicating that the recruitment of Sthl at 
STB can be temporally resolved from the subsequent 
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assembly of cohesin at STB (48). The association of Rsc8 
and Rsc58 with STB earlier than Rsc2 and Sthl or before 
transient Repl dissociation was unexpected. However, 
similar results were obtained when the ChIP assays were 
repeated with Repl (rather than Rsc2) as the reference 
protein (Figure 3C). 

The sequence of host factor interactions with STB 
suggests that the RSC2 complex is not recruited in a 
fully pre-assembled form. However, it is possible that 
the early association of Rsc8 and Rsc58 with STB 
signify incidental interactions that precede the function- 
ally relevant interaction of the RSC2 complex as a 
whole. Alternatively, the association of Rsc8 and Rsc58 
with STB may be important for triggering the dissociation 
of Repl, Rep2 and Kipl from STB (15min time point in 
Figure 3A). Cohesin is the last host factor, among those 
analysed, to be recruited at STB. 

Sequence of disassembly of the plasmid partitioning 
complex 

The disassembly of the plasmid partitioning complex is 
also temporally regulated. Results from previous studies 
indicate that the Sthl subunit of RSC2 dissociates from 
STB before, and non-RSC2 components of the partition- 
ing complex do so subsequent to, cohesin disassembly 
(3,6,7,10,48). Cse4 exits STB in late telophase before cyto- 
kinesis, whereas Repl, Rep2 and Kipl persist at STB 
beyond cytokinesis and all through Gl. It is not known 
whether RSC2 subunits leave STB in unison, or some of 
these are retained at STB until after cohesin disassembly. 
To resolve this issue, we have now determined the lengths 
of association of Rsc2, Rsc8, Rsc58 and Sthl with STB 
during a cell cycle relative to Mcdl (cohesin) as the refer- 
ence. As disassembly of the partitioning complex spans a 
large stretch of the cell cycle, in contrast to the relatively 
narrow window of assembly, the relevant ChIP assays 
were performed at 15min intervals. 

As shown in Figure 3D, Rsc2, Rsc8, Rsc58 and Sthl 
dissociated from STB more or less simultaneously (within 
the time resolution of the ChIP assay), well before cohesin 
disassembly. This timing is consistent with that reported 
for Sthl in a previous study (48). The current results, 
together with those from earlier work (3,6,7,10,48), 
suggest the following order for disassembly of the 
plasmid partitioning complex: RSC2 complex first, 
followed sequentially by cohesin, Cse4 and [Repl- 
Rep2-Kipl]. The data in Figure 3D are consistent with 
the RSC2 complex being released from STB as a single 
entity. Alternatively, the time intervals separating the 
release of individual subunits are shorter than the reso- 
lution of the assay. 

The temporal demarcations during the assembly phase 
of the plasmid partitioning complex and the onset of the 
disassembly phase by release of RSC components, as 
inferred from Figure 3A-D, are depicted in Figure 3E. 

Delaying DNA replication delays the assembly of the 
partitioning complex 

The timing of the transient dissociation of Repl/Rep2/ 
Kipl from STB in cells released from Gl arrest suggests 



that this event may be linked to, or triggered by, plasmid 
replication in early S phase (49). We have therefore 
investigated the effects of altering the time of DNA repli- 
cation on the dissociation of Repl from STB during Gl 
exit and entry into S. 

For delaying DNA replication, we used deletions of the 
B-type cyclin genes CLB5 and CLB6. In the clb5A, clb6A 
background, bud emergence is not delayed, but the inter- 
lude before the onset of replication is lengthened (50) (see 
also Supplementary Figure S4; Supplementary Material). 
ChIP analysis revealed ~25 min delays in the dissociation 
and de novo reassociation of Repl at STB in the clb5A, 
clb6A strain (Figure 4A and B), with a similar delay in the 
association of Rsc8 with STB (Figure 4C and D). Rsc8- 
STB association preceded Repl exit from STB in the rep- 
lication delayed cell cycle, as in the normal one. The rep- 
lication time of STB was also pushed back by ~25 min in 
the deletion strain, as verified by BrdU incorporation 
(Figure 4E). 

Thus, the timing of DNA replication and the timing of 
the assembly of the plasmid partitioning complex are well 
correlated. 

Blocking of DNA replication blocks the assembly of the 
plasmid partitioning complex 

To further verify the relationship between DNA replica- 
tion and the assembly of the plasmid partitioning 
complex, we programmed a cell cycle in the absence of 
replication. As in previous experiments, the transient dis- 
sociation of Repl from STB provided the marker for the 
initiation of the assembly pathway. 

We blocked DNA replication by depriving cells of 
Cdc6, which associates with replication origins at the ini- 
tiation step of DNA replication (51,52), before releasing 
them from Gl. In the experimental strain, the only func- 
tional CDC6 gene was placed under the control of the 
GAL promoter, and cells were maintained viable by 
growing them in galactose containing medium. Cdc6 de- 
pletion was accomplished by hydroxyurea treatment of 
cells in presence of galactose, followed by their release in 
presence of glucose and a factor to arrest them in Gl, 
deprived of Cdc6 (Materials and Methods). After release 
from Gl in glucose, dissociation of Repl from STB was 
not observed for up to 55 min (Figure 5 A). In control cells 
(expressing Cdc6) released from Gl in galactose, this event 
occurred at 25 min (Figure 5B). 

Thus, the disassembly of the partitioning complex from 
a previous cell cycle does not occur when DNA replication 
is blocked. 

A prior round of partitioning is not required for the 
de novo assembly of the partitioning complex at a 
naive STB 

As pointed out, a subset of the components of the plasmid 
partitioning complex remains at STB after plasmid appor- 
tioning has been accomplished and cytokinesis completed. 
Their exit from STB is correlated with the initiation of a 
new round of assembly of the partitioning complex. A 
relevant question is whether a previous round of partition- 
ing, and thus an experienced STB, is a pre-requisite for a 
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Figure 4. Delay in the de novo assembly of the plasmid partitioning complex in the clb5A, clb6A host strain. (A, B) The transient dissociation and 
reassociation of Repl at STB in cells released from Gl arrest was assayed by ChIP in wild-type and clb5A, clb6A strains. Gross DNA replication 
was followed by fluorescence-activated cell sorting analysis. (C, D) Association times of Rsc8 with STB after release from Gl were monitored by 
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BrdU incorporation, the band intensities of the PCR amplified DNA from an assay were normalized to the highest band intensity from that assay, 
which was assigned a value of 100%. The experiments were conducted using strains K699 to MJY5048 listed in Supplementary Table SI. 



new round of successful partitioning. We addressed this 
question by following the segregation of an STB reporter 
plasmid excised from the chromosome in host strains ex- 
pressing the Rep proteins either constitutively or inducibly 
during a particular cell cycle. 

The reporter plasmid pS77?[LacO]256 was present as an 
integrant at the chromosomal HIS3 locus in two host 
strains harboring a REP1-REP2 expression cassette, 
controlled by the constitutive ADH promoter in one 
case and the inducible bidirectional GAL promoter in 
the other (Figure 6). These otherwise isogenic [cir°] 



strains were also engineered to express GFP-LacI from 
the HIS3 promoter and the R recombinase from the 
GAL promoter. In the integrated state, with cells grown 
in glucose or raffmose, the plasmid would segregate as the 
chromosome that houses it, indifferent to the continuous 
expression of Repl and Rep2 in one strain and the 
absence of their expression in the other. The Rep 
proteins, when present, orchestrate the assembly of the 
plasmid partitioning factors at the integrated STB locus. 
In previous experiments, we observed the Repl- and 
Rep2-dependent association of Cse4 and the cohesin 
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Figure 5. Prevention of de novo assembly of the plasmid partitioning complex in the absence of Cdc6. To initiate a cell cycle in the absence of Cdc6, 
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subunit Mcdl at a copy of STB inserted at the HIS3 
locus (16). 

Cells arrested in Gl were shifted to galactose, to induce 
R recombinase in both strains and the Rep proteins in 
one, for a time sufficient to excise the plasmid in >95% 
of the cells. After release from arrest, the percentage of 1 : 1 
plasmid segregation scored in anaphase cells was nearly 
the same whether Rep proteins were present during the 
previous cell cycle (Figure 6). By contrast, in cells 
lacking the REP1-REP2 expression cassette, the frequency 
of 1:1 plasmid segregation was markedly lower. When the 
assay was performed in glucose (i.e. without recombinase 
induction), the segregation pattern was 1:1 in every 
anaphase cell, as expected for the high fidelity of chromo- 
some segregation (data not shown). 

Thus, the plasmid segregation machinery functions 
competently even when all preceding cell cycles had been 
completed in the absence of the Rep proteins, and the 
reporter plasmid was never before partitioned by the 
Rep-STi? system. Neither the memory of a previous par- 
titioning event nor the association with the Rep proteins 
during the preceding cell cycle is important for STB 
function. 



DISCUSSION 

In this study, we have revealed the interactions between 
the 2 micron plasmid partitioning system and the RSC2 
chromatin remodeling complex and established their func- 
tional relevance to plasmid segregation. The recruitment 
of RSC2 subunits as well as additional host factors at STB 



and their subsequent release from STB during the cell 
cycle follow a temporal sequence. Although the assembly 
of the partitioning complex is completed within a rather 
narrow window of the cell cycle, the disassembly phase 
covers a much wider time span. Initiating the partitioning 
pathway at a cell cycle requires DNA replication, but not 
a previous round of plasmid partitioning. 

As previously noted, as host factors that interact with 
STB also function at CEN and contribute to chromosome 
segregation, the caveat that they affect 2 micron plasmid 
segregation indirectly through their effects on chromo- 
some segregation cannot be discounted. Except for 
inactivating the Rep-STi? partitioning system, very few 
conditions have been successful in uncoupling plasmid 
segregation from chromosome segregation. These include 
running the cell cycle under spindle disassembly from Gl 
through G2/M followed by spindle restoration (8) or 
under inactivation of the Kipl motor (3) or the Rsc2 
protein (17). All three conditions increase plasmid 
missegregation with no effect or only minor effects on 
chromosome segregation. Delayed spindle assembly does 
not block cohesin-mediated pairing of sister chromatids or 
their bi-orientation on the spindle, whereas the absence of 
the Kipl motor and the RSC2 complex is largely 
compensated for by the redundant Cin8 motor and 
RSC1 complex, respectively. The recruitment of cohesin 
at STB is dependent on Kipl and Rsc2 (3,10), whereas it is 
delayed, and rendered non-effectual, by delayed spindle 
assembly (8). These results suggest that at least a subset 
of the host factors that associate with STB in a cell cycle 
dependent-manner are germane to plasmid partitioning. 
However, the suggested potential kinship between CEN 
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Figure 6. Segregation of an STB reporter plasmid during a cell cycle 
immediately following its excision from a chromosomally integrated 
state during Gl. The organization of the DNA cassette harboring 
STB, 2 micron plasmid replication origin (ORI) and [LacO] 2 56 
flanked by the target sites for the R recombinase present at the HIS3 
locus of a [cir°] host strain expressing GFP-LacI is schematically 
diagrammed. The strain also contained the R recombinase under the 
GAL promoter and GFP-LacI under the HIS3 promoter. In two indi- 
vidual derivatives of this strain, the REP1 and REP2 genes were placed 
under the GAL promoter or under the ADH promoter. The experimen- 
tal scheme for arresting raffinose grown cells in Gl, inducing the R 
recombinase and assaying plasmid segregation in released cells at 
anaphase, is outlined. The frequencies of equal (1:1) and unequal (2:0 
or 0:2) segregations scored in anaphase cells are plotted. 2:0 and 2:0 
types of missegregation denote the bias towards the mother and 
daughter, respectively. The strains for this set of assays were 
MJY5060 to MJY5062 (Supplementary Table SI). 



and STB (31) raises the possibility that some of the host 
factor-STi? interactions might be no more than evolution- 
ary relics without functional significance in plasmid 
partitioning. 

The role of the RSC2 complex in plasmid partitioning 

Two forms of the SWI/SNF-related RSC chromatin re- 
modeling complex have been identified in 5*. cerevisiae, 



RSC1 and RSC2, with multiple shared components 
including the ATPase Sthl and at least two unique com- 
ponents Rscl and Rsc2, as indicated by their respective 
designations (53,54). Although deletion of either RSC1 or 
RSC2 is tolerated by the cell, their simultaneous deletion 
causes lethality. Previous work demonstrated that rsc2A, 
but not rscl A, point mutations in Rsc2 and conditional 
inactivation of Sthl lead to increased loss of the 2 micron 
plasmid (17,48). These findings are consistent with the lack 
of cohesin assembly at STB in the rsc2A background or 
when Sthl is inactivated (10,48). The association of Sthl 
with the 2 micron plasmid has been shown to be restricted 
to the STB region (48). The recruitment of Rsc2 or Rsc8 at 
STB is blocked in the presence of a non-functional form of 
Cse4 (6). Furthermore, in the absence of Rsc2, Repl fails 
to associate with STB, but Rep2 association is not 
abrogated (10). The micrococcal nuclease digestion 
pattern at STfi-proximal, spanning the repeat elements 
of STB, is altered in an rsc2A strain (17). Cleavages at 
two strong sensitive sites present at its borders and a 
weaker site present internally are conspicuously dimin- 
ished in the absence of Rsc2, whereas such changes are 
not observed in other regions of the 2 micron plasmid 
genome. These observations, as well as the interactions 
of RSC subunits with the Rep proteins and the increased 
plasmid loss in rsc8 and rsc58 mutants revealed in the 
present study, argue for the RSC2 complex being an au- 
thentic 2 micron plasmid partitioning factor. 

The Rscl and Rsc2 proteins share 45% identity, 
and each harbors two bromodomains, an AT-hook 
motif, a bromodomain-adjacent homology region and a 
C-terminal domain (54). The specific role for Rsc2, despite 
the organizational similarities between Rscl and Rsc2, in 
2 micron plasmid partitioning is rather surprising. 
However, there is precedent for the use of only one of 
two redundant or nearly redundant host factors by the 
plasmid, e.g. the Kip 1 but not Cin8 nuclear motor (3). 
This selectivity in selfishness is perhaps a safeguard against 
potentially disrupting the host's normal physiology. 

A potential alternative role for Rsc2 in plasmid 
partitioning 

If the 2 micron plasmid segregates by hitchhiking on 
chromosomes, as would be consistent with currently avail- 
able evidence, the possibility that Rsc2 might potentially 
mediate plasmid attachment to chromosomes cannot be 
ruled out. By analogy to the episomes of Epstein-Barr 
virus, bovine papilloma virus and Kaposi's sarcoma- 
associated herpes virus, which also use the hitchhiking 
mode of segregation (55-59), the AT-hook motif and the 
bromodomains harbored by Rsc2 would be consistent 
with such a role. The mechanisms used by the partitioning 
proteins of these viruses to tether viral episomes to host 
chromosomes include binding to AT-rich chromosomal 
regions through the AT-hook activity as well as inter- 
actions with the chromatin-associated bromodomain con- 
taining Brd4 protein (58-60). Rsc2-mediated tethering of 
the 2 micron plasmid to chromosomes, if true, cannot last 
through the entire segregation period, as the protein dis- 
sociates from STB before anaphase. If the hitchhiking 
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model holds for the plasmid, there must be some add- 
itional mechanism for maintaining plasmid-chromosome 
association, at least after Rsc2 leaves STB. The higher 
plasmid instability caused by rsc2A reported previously 
(17) compared with rsc8 or rsc58 (this study) could be 
owing to the dual role of Rsc2, in tethering plasmids to 
chromosomes and as a component of the RSC2 complex. 

Cell cycle cued assembly of the plasmid partitioning 
complex at STB: parallels to kinetochore assembly at 

CEN 

Dissociation of components from the spent partitioning 
complex to set a new plasmid partitioning cycle in 
motion during Gl-S is reminiscent of analogous events 
that occur at centromeres. Outer kinetochore proteins 
such as Ctfl9 and Mtwl are disassembled during replica- 
tion of centromeres, causing them to detach from micro- 
tubules (61). Subsequent kinetochore reassembly permits 
recapture of centromeres by the spindle. Furthermore, the 
turnover of Cse4 at CEN during early S phase suggests 
renewal of inner kinetochore proteins as well (62,63). 
Although kinetochore turnover appears to be restricted 
to a short early period of the cell cycle, the disassembly 
of the plasmid partitioning complex is spread over a larger 
time span: from S phase though the following Gl-S tran- 
sition period. Dissociation of RSC2 components from 
STB precedes plasmid segregation, disassembly of 
cohesin triggers (and coincides with) this event, and dis- 
sociation of Cse4, Kipl and the Rep proteins occurs fol- 
lowing segregation. 

Based on several tantalizing pieces of circumstantial 
evidence, including the unique presence of 2 micron 
related plasmids in Saccharomycetaceae, it has been 
speculated that the point centromere of budding yeasts 
and STB might share a common evolutionary history 
(31). The association of common protein factors with 
CEN and STB, despite their obvious functional differ- 
ences at present, would be consistent with their divergence 
from a common ancestor. 

Replication dependent sequential association of 
partitioning factors at STB 

The final steps in the disassembly of the preceding parti- 
tioning complex and the initial steps in the assembly of a 
new partitioning complex are cued by DNA replication 
itself or by cell cycle signals that set the time of replication. 
It is possible that proteins present at STB could be mech- 
anically dislodged by the advancing replication fork. 
Alternatively, the activation of the 2 micron circle replica- 
tion origin, without requiring the act of replication, may 
be sufficient to communicate the signal for protein re- 
organization at STB, located less than a kbp away. 

Within the resolution permitted by the short interval 
ChIP assays, Rsc8 and Rsc58 associate with STB before 
Cse4, whereas Rsc2 and Sthl do so concurrently with 
Cse4. As Sthl is the ATPase component of the RSC2 
complex, this sequence of events is consistent with the 
RSC2 complex remodeling STB chromatin following its 
interaction with Cse4. There is evidence to suggest that 
RSC promotes remodeling of centromeric and flanking 



nucleosomes subsequent to the incorporation of Cse4 
into the CEN nucleosome (19). 

The temporal separation in the association of RSC 
components with STB is unexpected. However, the asso- 
ciation of Sthl with STB in the absence of Rsc2 has been 
described in a previous study (48). According to this 
study, Rsc8 associates with STB at the same time as 
Sthl, whereas in our analysis, Rsc8 precedes Sthl in its 
occupancy at STB. This discrepancy may be owing to the 
lower time resolution (15min rather than 5min intervals) 
used in the earlier study. 

2 micron plasmid segregation: current status 

Although several attributes of the 2 micron plasmid par- 
titioning system have been characterized, we are still 
ignorant of the precise molecular mechanisms of plasmid 
partitioning. The association of Cse4 and cohesin with 
STB (5-7,16,48) and the one-to-one segregation of single 
copy reporter plasmids (4) would be consistent with a 
model in which sister copies of the plasmid paired by 
cohesin associate with sister chromatids that are also 
bridged by cohesin. The organization of a fluorescence 
tagged multi-copy STB reporter plasmid suggests that 
the native plasmid molecules form a limited number of 
individual groups within the nucleus (9). How the sister 
chromatid association model would operate in this context 
is unclear. Furthermore, the highly substoichiometric 
nature of Cse4 and cohesin association with STB (5,16) 
raises uncertainties regarding the functional relevance of 
these associations. Perhaps they are relics of STB and 
CEN evolution from a common ancestral partitioning 
locus and are unrelated to present day plasmid partition- 
ing. However, it is possible that the assembly of multiple 
plasmid molecules into functional groups, thus effectively 
reducing copy number, might help overcome the deficit in 
stoichiometry. 

Single copy (or close to single copy) STB plasmids har- 
boring a conditional CEN that we have previously used 
are valuable for probing partitioning mechanisms, as they 
report unambiguously equal segregation (1:1) and unequal 
segregation (2:0) in anaphase cells (3,4). However, there 
are potential drawbacks to introducing a CEN sequence 
within an STB plasmid to obtain this low copy number. 
The CETV-inactive plasmid may not be strictly under Rep- 
STB control during a cell cycle that immediately follows 
CEN annulment. For example, the carryover effects of 
CETV-mediated plasmid localization, host factor associ- 
ations, kinetochore assembly and segregation from 
previous cell cycles may not be inconsequential. 

Our current thinking on possible models of 2 micron 
plasmid segregation has been strongly influenced by the 
premise that every segregation event is equal or almost 
equal. If unequal segregations are frequent, there should 
be continuous operation of the plasmid amplification 
system. However, biochemical and physical analyses 
indicate that nearly all plasmid molecules (>90%) in a 
cell population replicate only once per cell cycle (49). 
The quantitative meaning of 'equal' segregation will be 
determined by how tight or broad the copy number dis- 
tribution is around the mean (~40-60 molecules per cell), 
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what threshold drop in copy number is required for trig- 
gering amplification and what the rate of amplification per 
generation is? Depending on these parameters, it is 
possible that the Rep-STB system can confer chromo- 
some-like stability on the plasmid even without 
chromosome-like fidelity in segregation and without 
rapid corrections of copy number decline by amplification. 
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